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The PrOblem Jet Propulsion Laboratory

California Institute of Technology

» Teleoperation of humanoid robotics with medium-range time delays
— many DOF
— 1.5-10s round-trip delay, e.g. for lunar operations
— delay can introduce instability
» Various approaches have been studied and used:
— “bump and wait”
— predictive display
— stabilized bilateral control
— supervisory control

but the problem is far from solved...
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Future Robot Surgery? Jet Propulsion Laboratory

California Institute of Technology
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Robots May Allow Surgery in Space AP Associated Press

By CHUCK BROWM, Associated Press Writer
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OMAHA, Meb. - Small robots designed by University of Mebraska researchers may allow
doctors on Earth to help perform surgery on patients in space.

The tiny, wheeled robots, which are ADVERTISEMENT
about 3 inches tall and as wide as a
lipstick case, can be slipped into small incisions and computer-controlled by surgeons in

AP Photo: Or. Dmitry Oleynikov, a
specialist in minirmally invasive and . .
computer-assisted surgery at the different locations.
University of...

Some robots are equipped with cameras and lights and can send back images to surgeons.
Others have surgical tools attached that can be controlled remotely.

Add headlines to your

personalized My Yahoo! page “We think this is going to replace open surgery,” Dr. Dmitry Oleynikov said at a Wednesday

(About My Yahoo! and RSS) news conference. Qleynikov is a specialist in minimally invasive and computer-assisted surgery
Science - AP at the University of Nebraska Medical Center in Omaha.

Officials hope that next spring, 3 will te

# Mare News Feads Delays in communication because of the

distance to space would mean surgeons on earth would have tell astronauts what commands to
give the robots, Oleynikov said.

NEWS ALERTS

increasing onboard autonomy

“move scalpel to “make lateral “remove
xX=3.32mm, abdominal incision patient’s
y=9.11mm, 2.35cm long at ...” appendix”

z=5.12mm”’
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ApproaCh e OverView Jet Propulsion Laboratory

California Institute of Technology

e Supervisor guides robot from Supervisor
“smart cockpit” in an
immersive “virtual world” -
(JSC)

» Task-level assistant (JPL)
guides the supervisor on task
sequences

e Supervisor's motions are
monitored by Operator Intent
Prediction (ARC) software
that interprets motions as
symbolic commands

* The remote robot can
autonomously execute these
symbolic commands Cockpit

Robot Operator Safety Operator
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Robonaut Jet Propulsion Laboratory

California Institute of Technology
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Normal Planning and Execution Jet Propulsion Laboratory

California Institute of Technology

» Planning software generates task-level plan to achieve high level goals
 Human supervisor executes plan steps
* Robot follows, after time delay
» Planner/Executive software monitors:
— supervisor and robot actions
— state changes
— goal changes

and responds appropriately to any change
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Planner Context Jet Propulsion Laboratory

California Institute of Technology

NDDS message bus

State updates from: Goal updates: - plan
- operator - add, delete next tasks for operator, robot
- robot - change - query responses
- exceptions, e.g.
task out of order
domain timeout

state oals .
model 9 replan required
errors

plan

replan

- queries
- replan requests
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Planner Context (Cont_) Jet Propulsion Laboratory

California Institute of Technology

» The supervisor executing the plan is an experienced human operator who
may freely deviate from plan if desired

 There are dual feedback paths:

— feedback from supervisor is nearly immediate and can be used to decide
on next execution steps to recommend to supervisor

— but:
» atask is not complete until the robot executes it
» feedback from robot is time-delayed (up to ~10s)
« waiting to check preconditions reduces execution to “bump and wait”

= a significant challenge for the plan executive
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|mp|ementati0n Jet Propulsion Laboratory

California Institute of Technology

 Ensemble framework (Java)

 JNI NDDS interface layer (Win32)

o JSHOP2 planner
— HTN planner, Java implementation
— Nau et al., http://www.cs.umd.edu/projects/shop
— open source

» Piccolo ZUI toolkit (for testing GUI)

— Bederson et al. http://www.cs.umd.edu/hcil/piccolo/index.shtml
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Use Of JSHOP?2 Jet Propulsion Laboratory

California Institute of Technology

* Phases of planning/replanning with JISHOP2 — from
domain model + state + goals to a task sequence to achieve the goals:

e instantiate TaskAtom tal = new TaskAtom ("move-rail-to-box")
J .add(new Term ("right™))
ava " i
.add(new Term ("vert-raill"))
Vad Rzl .add(new Term ("goall™));
classes for Problem p:
JSH_O_PZ p.add(new LogicalAtom ("arm-available™).add(new Term ("left")));
entities p.add(new LogicalAtom ("arm-available").add(new Term ("right")));
(defproblem problem robo
((rail vert-raill)
e Convert to (rail horiz-raill)
JSHOPZ2 input (clear right)
(clear left)
e run JSHOP2 (arm-available left)
to parse (arm-available right))
(ANTLR) and
convert to ((move-rail-to-box right vert-raill goall)
Java code (push-button right goal2)
(move-rail-to-box right horiz-raill goal3))
)

A plan with cost 7.0 was found:
<GroundOperator:[Ipickup, right, vert-raill, goall]>
e dynamically load <GroundOperator:[!move-to-box, right, vert-raill, goall]>

e compile

B <GroundOperator:[!drop-in-box, right, vert-raill, goall]>
planner <GroundOperator:[!push-button, right, goal2]>
<GroundOperator:[!pickup, right, horiz-raill, goal3]>
e resulting plan is <GroundOperator:[Imove-to-box, right, horiz-raill, goal3]>
a list of ground <GroundOperator:[ldrop-in-box, right, horiz-raill, goal3]>
operators
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Planning & EXGCUtiOﬂ Jet Propulsion Laboratory

California Institute of Technology

Scenarios Considerations

e normal step-by-step operation * handle replans gracefully

« timed out robot response — fall back to confirmed state

e supervisor working ahead of robot — recognize accomplished goals
(pipelining)

— maintain plan continuity

» deviations from plan
: » handle errors gracefully

— robot capability change

— supervisor deviates unintentionally

— supervisor deviates intentionally
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Monitoring and Testing GUI Jet Propulsion Laboratory

California Institute of Technology

* Purpose:
— visualize plan state
— test planner under anticipated conditions

green is next
plan status —\ / supervisor task

& | Initialize: " Reset " Replan " Synch leader to follower

TLA viewer

Plan status: OK —

pickup ' 1) ove-to-box et drop-in-box push-button ptpickup ) ove-to-box e drop-in-

right right right right right right right

vert-raill vert-raill vert-raill oal2 horiz-raill horiz-raill horiz-ra

goall goall goall goal3 goal3 goal3
Event Log Current state: Modify State

(arm-available left) . ;

(arm-available right) Hright arm available 1

(clear left) Kleft arm awvailable T

(clear right) )

(rail horiz-rail1) Modify Goals

Hnat b e iz i3 E(mowve-rail-to-box right vert-raill goall)

EH(push-button right goal2)
E(mowve-rail-to-box right horiz-raill goal3)

\ L

events, most controls for

recent first c1_1rrent testing
_ perceived state
“NOW” line

[4]
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Normal sequence: first the supervisor acts... etPropuision Laboratory

California Institute of Technology

time waiting

Plan status: OK

supervisor T
completed this for 1.5s
task, waiting for
robot across _ _
time delay !pl_r:kup rn_u\re—tu—hun dl_'up—ln—hmt
right right right
vert-raill vert-raill vert-raill
goall goall goall

Event Log

Leader completed < GroundOperator: [ pickup,

right, vert-raill, goal 1] =

State updated (by operator < GroundOperator: [

pickup, right, vert-raill, goal1]=)

Current state:
(arm-available left)
(arm-available right)
(clear left)

(holding right vert-rail1)
(rail horiz-raill)
(rail vert-raill)

state updates to reflect
supervisor action

SMC-IT 2006
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.. .then the rObOt Jet Propulsion Laboratory

California Institute of Technology

grayed-out tasks have
been completed by
supervisor and robot Plan status: OK

confirmation from robot

of task completion Ipickup move-to-box drop-in-box
right right right
vert-raill vert-raill vert-raill
goall goall goall
Event Log Current state:

(arm-available left)

Foll ower t_:orn_plreted < GroundOperator: [ pickup, e (IS B[k
Mgnc, veri-rait, goal 1] = (clear left)

Leader completed < GroundOperator: [1pickup, (holding right vert-raill)
right, vert-raill, goal1]= (rail horiz-raill)

State updated (by operator <GroundOperator: [! (rail vert-raill)

pickup, right, vert-raill, goal 1] =)
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Jet Propulsion Laboratory

California Institute of Technology

Robot might be late

« areason for an alert (here triggered after 6s)

timeout: expected to
hear from robot but

haven't Plan status: OK

N\

Event Log

Leader completed < GroundOperator: [pickup,
right, vert-raill, goal1] =

State updated (by operator <GroundOperator: [!

pickup, right, vert-raill, goal1]=)

Current state:

(arm-available left)
(arm-available right)

(clear left)

(holding right vert-raill)

(rail horiz-raill)
(rail vert-raill)

Ipickup ) ove-to-box tdrop-in-box [tpysh-i
right right right right
vert-raill vert-raill vert-raill goal2
goall goall goall

SMC-IT 2006
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Supervisor can work ahead Jet Propulsion Laboratory

California Institute of Technology

 this “pipelining” is the basis for improved efficiency

supervisor can be
multiple steps ahead of

the robot
Plan status: OK

walting

for 2.8s
'pickup move-to-box drop-in-box push-button pickup move-
right right right right right right
vert-raill vert-raill vert-raill oal2 horiz-raill horiz-
goall goall goall goal3 goal3

Event Log Current state:
(accomplished goall)
(arm-available left)
(arm-available right)

Leader completed <GroundOperator: [!drop-in-
box, right, vert-rail 1, goall]=

State updated (by operator < GroundOperator: [! (clear left)
drop-in-box, right, vert-raill, goall]=) {clear right)
Leader completed < GroundOperator; [!move-to- (in-box vert-raill)
bos, right, vert-rail 1, goall]s (rail horiz-rail1)

Leader completed <GroundOperator:[!pickup, (rail vert-rail1)

right, vert-raill, goal 1]=

State updated (by operator < GroundOperator: [!
pickup, right, vert-raill, goal 1]=)

SMC-IT 2006 16



Deviations from Plan Jet Propulsion Laboratory

California Institute of Technology

» Time out — waiting longer than expected
— alert user, but take no other action
* Robot capability change
— significant change that impacts plan
o Supervisor deviates from plan
— unintentionally

— intentionally

 Notes:

— for this project we adopted a design principle of no automatic replans:
replans must be requested by the supervisor

SMC-IT 2006 17



Robot State Change Example Jet Propulsion Laboratory

California Institute of Technology

robot had completed two

tasks when...
Preferred arm becomes PMin status: REPLAN NEEDED!
unavailable:
h . Ipickup ! 1y ove-to-box drop-in-box push-button pickup move-to-boy
—_— ight ight ight ight ight ight
State C ange’ I' e " :Igr::—raill :I;Jr::—raill :Igrt—raill ;Igalz ;Igriz—raill Elgriz—raill
- goall goall oall oal3 oal3
(arm-available .
- Event Log Current stqte: Modify State
r I g ht) retracted y State updated (extarnal) Ez{gﬁ:ﬁ;ﬂble left) Oright arm available
. Replan needed (rail horiz-rail1) B left arm available
triggers need to replan State updated (external) (rail vert-rail1) )
Modify Goals
Follower completed < GroundOperator:[ Imove-
to-box, right, vert-raill, goal 1]> E(move-rail-to-box righ
Leade_r completed_cGroundOperator:[!move— right arm became E(push-button right go¢
box, right, vert-rail1, goall]> unavailable, so... B (move-rail-to-box righ

Follower comnlated < GroundOnerator: T inick

- replan flnds alternatlve Plan status: OK
plan using available replan uses left arm
resources: left arm - o e o e D e b

. . vert-raill vert-raill vert-raill goal2
instead of right oall LR R
Event Log Current state: Modify State
arm-available left
Replan ended Eclear left) ) Cright arm available
Replan started (rail horiz-raill) Hleft arm available
5 ad (extel (rail vert-raill)
State updated (external) Modify Goals
Replan nesded . .
State updated (external) B (move-rail-to-box right
Follower completed <GroundOperator:[Imove- K(push-button right goa
tr-himye rialt wartoraill o Anal1ls B mava-rail-ta-hav rinhi

SMC-IT 2006 18



Accomplished goals skipped in replan

Jet Propulsion Laboratory

California Institute of Technology

e replanning takes
account of
current state

o accomplished
goals are ignored
in a replan

Plan status: OK

Ipickup ! 1y ove-to-box wem!drop-in-box wipush-button pickup move-
right right right right right right
vert-raill vert-raill vert-raill goal2 horiz-raill horiz-
goall goall goall goal3 goal3

Event Log Current state:

Follower completed <GroundOperator:[ Idrop-in-
bozx, right, vert-raill, goall]l>

Follower completed <GroundOperator:[ Imove-
to-box, right, vert-raill, goal 1]>

Follower completed <GroundCperator:[ Ipickup,
right, vert-raill, goal 1]

Leader completed <GroundOperator: [ drop-in-

(accomplished goall)
(arm-awvailable left)
(arm-available right)
(clear left

(clear right)

(in-box vert-raill)
(rail horiz-rail1)

(rail vert-raill)

accomplished goal

after areplan: tasks for ys: ok
completed goals are

ignored

Event Log
Replan ended
Replan started

Follower completed <GroundOperator:[ Idrop-in-
ko, right, vert-rail 1, goalll>

Follower completed < GroundOperator:[ Imove-
to-boy, right, vert-raill, goall]>

Follower completed <GroundQperator:[ !pickup,

push-button pickup move-

right right right

goal2 horiz-raill horiz-
goal3 goal3

Current state:
(accomplished goall)
(arm-available left)
(arm-available right)
(clear left)

(clear right)
(in-box vert-raill)
(rail horiz-rail1)
(rail vert-rail1)

SMC-IT 2006
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Jet Propulsion Laboratory

California Institute of Technology

Planning continuity...

if right arm returns while
left arm is holding a rail

e If right arm returns
while left arm is

Plan status: OK

busy, the current

Ipickup ' 1y 0ve-to-box drop-in-box push-button pickup
left left left left left
|eft arm taSkS are vert-raill vert-raill vert-raill goal2 horiz-raill
goall goall goall goal3
plan ned to Event Log Current state: Modify State

completion:

Follower completed < GroundOperator: [ Ipickup,
left, vert-raill, goall]>

Leader completed <GroundOperator: [Ipickup,
left wart-raill Anal11s

replan starts using right
only after left is finished

move-to-box drop-in-box |sssipush-button pickup —
left left right right
vert-raill vert-raill goal2 horiz-raill
goall goall goal3
Event Log Current state: Modify State

Replan ended

Replan started

State updated (external)
Replan needed

State updated (external)

Follower completed < GroundOperator:[ Ipickup,
left, vert-raill, goall]>

(arm-available left)
(holding left vert-raill)

(rail horiz-raill)
(rail vert-raill)

Plan status: OK

Oright arm available
Hleft arm available

Madifw Goals

(arm-available left)
(arm-available right)

(clear right)

(holding left vert-raill)

(rail horiz-rail1)
(rail vert-raill)

Eright arm available
B left arm available
Modify Goals

E(move-rail-to-box right vert-
K (push-button right goal2)
B (move-rail-to-box right hord:

SMC-IT 2006
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Supervisor Deviation From Plan Jet Propulsion Laboratory

California Institute of Technology

but supervisor picked up

plan called for supervisor to rail instead
push button...
Plan status: REPLAN NEEDED!

waiting
. for 1.55
e Supervisor
|ntent|0n |S !|>i_+:kl||} —!ntoue—to—lm}: —!<I|_‘0|)—in—l>0 ¥ — pl_.lsh—buttnn pi_ckup m_ove—to—huu dl_'up—in—hu:
right right right right right right right
vert-raill vert-raill vert-raill goal2 horiz-raill horiz-raill horiz-raill
eXpressed by the goall goall goall goal3 goal3 goal3
current goals, so .
- . . Event Log Current st?te: Modify State
any deV|a.t|0n IS Leader completed <GroundOperator: [!pickup, E:S;O—T\fahi?ahlfli Ig:fﬂll Hright arm available
right, horiz-rail1, goal3]> o o g .
- ght) Kleft arm available
assumed to be State updated (hy onacator < Groundoperatori[! | | (elear left)
: : pickup, 1ght, horiz-rail1, goal3]=) (holding right horiz-rail1) Modify Goals
Unlntentlona| Replan needed (in—_hnu \:lert—_raill) &(move-rail-to-b ox rig
- - ’ (rail horiz-raill)
unless the goals Leader operator not current: <GroundOperator: & (-ail vert-rail1) X(push-butten right g
Mpickup, right, hariz-rail 1, goal3]= K(move-rail-to-b ox ri
change Foll GWrer-camnleted < GroundOnaratorfidrop-in- g
ko, right, vert-rail 1, goall]>
detected “out of order”
operation
Plan status: OK
areplan at this point
generates a plan to take put-down-rail push-button pickup move-to-box jmmm
right right right right
steps to, resume the horiz-raill goal2 horiz-raill horiz-raill
previous plan goalz goal3 goal3
Event Log Current state: Modify State
accomplished goall
Replan ended Earm—a\.?ailahle |geft] ! Eright arm available
Replan started (arm-available right) Hleft arm available
Follower completed < GroundOperator:[ Ipickup, (clear_ |9-ﬂ5_] . X .
right, horiz-rail 1, goal3]> (holding right horiz-rail1) Modify Goals

ELZ}F::::_T;BT;” E(move-rail-to-box right vert

(rail vert-raill) E(push-button right goal2)
E({move-rail-to-box right hori

Leader completed <GroundOperator: [Ipickup,
right, horiz-rail1, goal3]>

State updated (by operator < GroundCperator: [1
pickup, right, horiz-rail 1, goal3]=)
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Intentional Deviation Jet Propulsion Laboratory

California Institute of Technology

» |f supervisor intended to skip the push button step, then the high-level goals
need to be changed to reflect this

* Once the obsolete goal is removed, the replan corresponds to the
supervisor’s intention

replanning after a goal
change expresses the
supervisor’s intention

Plan status: OK

move-to-box drop-in-box
right right
horiz-raill horiz-raill
goal3 goal3
Event Log Current state: Modify State
(accomplished goall) . .
Replan ended (arm-available left) Eright arm available
Replan started (arm-awvailable right) B left arm awvailable
Replan needed (clear left) :
(holding right horiz-rail1) Modify Goals
Fleplo e (in-box vert-raill) = —rail-to-b {0 ht vert-
Replan started (rail horiz-rail1) (move-rail-to-box right vert-i
Follower completed < GroundOperatar:[ Ipickup, (rail vert-rail1) O(push-button right goal2)
right, horiz-raill, goal3]> EH(Whove-rail-to-box right horiz-

Leader completed < GroundOperator: [pickup,

removed goal

SMC-IT 2006 22



Infeasible states Jet Propulsion Laboratory

California Institute of Technology

« State changes can obviously make finding a plan impossible

no plan exists

Plan status: no plan steps found

Event Log Current state: ModITy SLaic
clear right
Replan ended Erﬂil hnr?z—rLill} Oright arm available
Replan started (rail vert-raill) Oleft arm available

State updated (external)
State updated (external)

Feplan needed
State updated (external) H(push-button right goal2)
Bl (move-rail-to-box right horiz

Modify Goals

B (move-rail-to-box right vert-

Replan ended

no arms available

SMC-IT 2006 23



ConCIUding COmmentS Jet Propulsion Laboratory

California Institute of Technology

» For the scope of this project, JSHOP2 has been sufficient for all needs
— fast simple modeling
— HTN “plan in execution order” is natural for human supervisor
— but, clumsy to map into Lisp syntax for processing

— Temporal constraints are not an issue here, but could be in a more
complex domain

 will require either additional modeling effort, or migration to a planner that
supports temporal reasoning from the outset

* The leader/follower model for planning and execution has proven a good fit
for the time-delayed telepresence problem

— anticipate applying the system to demonstration hardware later in 2006
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